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ABSTRACT 
Retinal degeneration causes the induction of a leukemia inhibitory factor (LIF)-controlled 
survival pathway which includes Janus kinase/signal transducer and activator of 
transcription (JAK/STAT) signaling. Lack of LIF prevents activation of this signaling 
cascade and accelerates disease progression leading to a fast loss of photoreceptor cells. 
Here we show that expression of Janus kinase 3 (Jak3), but not of the other members of 
the family of Janus kinases, is induced in four different models of retinal degeneration 
and that LIF is essential and sufficient to activate Jak3 gene expression. We also show 
that the induction of Jak3 and Lif may not depend directly on cell death but rather on the 
retinal stress during photoreceptor degeneration. However, despite its dependence on LIF,  
JAK3 is not essential for LIF-mediated photoreceptor protection or gene expression. 
Also, absence of JAK3 in knockout mice did not affect immune-related responses in the 
degenerating retina. JAK3 may therefore play a different, yet unknown, role in the retinal 
response to photoreceptor injury. 
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INTRODUCTION 
Retinal degenerative diseases like retinitis pigmentosa (RP) are a frequent cause of severe 
visual impairment or blindness in humans. Most diseases are characterized by a 
progressive loss of visual cells by apoptosis. Understanding the molecular mechanisms 
which lead to photoreceptor cell death and identifying endogenous rescue pathways for 
photoreceptor survival is of fundamental importance to develop successful therapeutic 
strategies for the treatment of patients.  
To study photoreceptor degeneration, a variety of inducible and inherited mouse models 
have been established. Among the inducible models, exposure of mice to high levels of 
white light induces photoreceptor cell death depending on light intensity and duration of 
exposure (Reme et al., 1998; Grimm et al., 2000a; Wenzel et al., 2005). After light 
exposure, photoreceptor cells die almost synchronously and are cleared from the 
subretinal space within 10 days. Rd1 (retinal degeneration 1, (Bowes et al., 1990)), rd10 
(Chang et al., 2007), and the transgenic VPP (Naash et al., 1993) mice are examples for 
inherited models of retinal degeneration. Rd1 and rd10 mice carry a spontaneous and 
recessive nonsense or missense mutation, respectively, in the β-subunit of the cGMP-
phosphodiesterase. Retinal degeneration in rd1 mice is characterized by an early onset 
(around post natal day 11) and rapid progression whereas degeneration in rd10 mice has a 
later onset (around postnatal day (PND) 15) with a slower progression. The VPP mouse 
line carries a transgene encoding a mutant mouse rod opsin protein with three amino acid 
substitutions (V20G, P23H, P27L). Expresion of the mutant protein causes an autosomal 
dominant disease (onset around PND 15) with a slow progression (Samardzija et al., 
2006a).  
A mechanism common to different degenerative models is the activation of the Janus 
kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway in 
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the retina (Samardzija et al., 2006b). The JAK/STAT signaling pathway is known to be 
part of the cellular response to cytokines and growth factors and to play a central role in 
cell proliferation, differentiation and apoptosis.  (Leonard and O'Shea, 1998; Rawlings et 
al., 2004). Binding of cytokines or growth factors to their respective transmembrane 
receptors induces trans-phosphorylation and thus activation of receptor-bound JAKs. 
Once activated, JAKs phosphorylate specific tyrosine residues on the receptor to allow 
docking of STAT proteins. After binding, STATs are phosphorylated by JAKs, leading to 
their dimerization and translocation to the nucleus for gene transcription. In mammals, the 
JAK family of proteins contains four members: TYK2, JAK1, JAK2 and JAK3 (Schindler 
et al., 2007). JAK1 is mostly associated with class II growth factor receptors. Probably 
because of neurological deficits and problems in lymphopoiesis, JAK1 knockout mice die 
prenatally (Rodig et al., 1998; Ghoreschi et al., 2009). JAK2 binds mainly to type I 
cytokine receptors like the erythropoietin receptor and is therefore critical for 
erythropoiesis. Consequently JAK2 knockout mice die embryonically (O'Shea et al., 
2002). TYK2 binds to various types of cytokine receptors and primarily plays a role in 
allergies and the antimicrobial defense. Mutations in TYK2 cause disturbances in the 
human immune response (Watford and O'Shea, 2006). Unlike the other JAKs that exhibit 
broad expression patterns, JAK3 is predominantly produced in hematopoietic cells and 
binds specifically to the γc-subunit of the IL-2-receptor subfamily of cytokine receptors. 
Mice lacking the subdomains I – IV of the kinase domain of JAK3 (Jak3-/- mice) show no 
JAK3 kinase activity (Thomis et al., 1995). They develop a severe combined immune 
deficiency (SCID)-like phenotype with disturbed B- and T-cell maturation.  
Leukemia inhibitory factor (LIF) has been shown to activate JAK/STAT signaling in the 
degenerating retina (Joly et al., 2008). LIF has been associated with protection of 
photoreceptors from light damage and from degeneration in the VPP mouse (Joly et al., 
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2008; Ueki et al., 2008) suggesting that JAK/STAT signaling may be important for the 
determination of photoreceptor cell fate upon damage or stress. To specifically address 
the role of Janus kinases in retinal degeneration, we analyzed the four JAK family 
members during retinal degeneration in the light-induced and in the inherited rd1, rd10 
and VPP mouse models. Special attention was given to JAK3 since expression of this 
family member was strongly upregulated in all of the disease models. 
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MATERIALS AND METHODS 
Mice 
Animals were treated in accordance with the regulations of the Veterinary Authority of 
Zurich and with the statement of ‘The Association for Research in Vision and 
Ophthalmology’ for the use of animals in research. Wild type 129S6/SvEvTac mice were 
purchased from Taconics (Eiby, Denmark), C57BL/6 were from RCC (Füllinsdorf, 
Switzerland), BALB/c and rd1 from Harlan (Horst, The Netherlands), and rd10 and Jak3–
/– mice from Jackson laboratory (Bar Harbor, USA). VPP mice were obtained from Muna 
Naash (Naash et al., 1993) and mice heterozygous for Lif (Lif +/–) were a generous gift of 
Bettina Holtmann and Michael Sendtner (University of Wuerzburg, Wuerzburg, 
Germany). Rpe65R91W mice were generated previously in our own lab (Samardzija et al., 
2008). To increase light damage susceptibility of Lif–/–, Jak3–/–, and their respective 
control mice (Lif+/+ and Jak3+/+ respectively), the light sensitive Rpe65450Leu allele was 
crossed in by breeding animals with 129S6/SvEvTac mice (Wenzel et al., 2001; Burgi et 
al., 2009). All mice were maintained as breeding colonies at the University of Zurich in a 
12 h : 12 h light-dark cycle (60 lux). 
 
Light exposure 
Six- to eight-week-old mice were dark adapted over night (16 hours). Pupils of pigmented 
animals were dilated with 1% cyclogyl (Alcon, Cham, Switzerland) and 5% 
phenylephrine (Ciba Vision, Niederwangen, Switzerland) 45 min before exposure. 
BALB/c mice were exposed to 5’000 lux of white fluorescent light for 1 hour and 
pigmented animals to 13’000 – 15’000 lux for 2 hours. After light exposure mice were 
kept in darkness until the next day before they were returned to cyclic light until sacrifice 
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and removal of the retina. Mice that were dark-adapted but not exposed to light served as 
controls.  
 
Hypoxic preconditioning 
Hypoxic preconditioning (6-7% O2 for 6 hours) was performed as described previously 
(Grimm et al., 2002). After hypoxia mice were dark adapted for 4 hours before light 
exposure (see above). 
 
Semi-quantitative real time polymerase chain reaction (PCR) 
Retinas were removed through a slit in the cornea and immediately frozen in liquid 
nitrogen. Total RNA was prepared using the RNeasy RNA isolation kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s directions including a DNase treatment to 
digest residual genomic DNA. Equal amounts of RNA were used for reverse transcription 
using oligo(dT) primer and M-MLV reverse transcriptase (Promega, Madison, WI, USA). 
Relative quantification of cDNA was done by semi-quantitative real time PCR using the 
LightCycler 480 Sybr Green I Master kit, a LightCycler 480 instrument (Roche 
Diagnostics, Basel, Switzerland) and specific primer pairs (Table 1). Three animals per 
time point were analyzed in duplicates and normalized to β-actin using the Light Cycler 
480 software (Roche Diagnostics). Values of experimental retinas were expressed relative 
to their respective controls, which were set to 1.   
 
Intravitreal injection of recombinant LIF (rLIF) 
Intravitreal injections were performed as described (Joly et al., 2008). Briefly, animals 
were anesthetized and 1 µl of rLIF in PBS (10 ng/µl; Chemicon, Temecula, CA, USA), or 
of PBS alone was injected within 5 to 10 sec using a 34G needle mounted on a 10 µl 
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Hamilton syringe. The empty needle was kept in place for additional 30 sec before it was 
slowly withdrawn. The injection site was just behind the limbus on the superior part of the 
eye. Intravitreal placement of the needle was observed through the pupil. Mice were 
sacrificed 24 hours after injection. 
 
Morphology and cell death detection (CDD) ELISA 
For light microscopy, eyes were fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer 
(pH 7.3) at 4°C overnight. For each eye, the superior and the inferior retina were 
prepared, washed in cacodylate buffer, incubated in osmium tetroxide for 1h, dehydrated, 
and embedded in Epon 812. Sections (0.5 µm) were prepared from the lower central 
retina and counterstained with methylene blue. Cell death was quantified 24 hours after 
light exposure in isolated retinas using the ELISA-based cell death detection kit (Roche 
Diagnostics) according to the manufacturer’s recommendation. 
 
Immunofluorescence 
Mice were perfused transcardially with 4% paraformaldehyde (PFA) in 0.1 M phosphate 
buffer (PB; pH 7.4). After enucleation, eyes were fixed for 2 h in 4% PFA at 4°C before 
cornea and lens were removed. The remaining ocular tissue was post-fixed for additional 
2 hours in 4% PFA at 4°C, followed by cryoprotection in 30% sucrose in PBS, pH 7.4, at 
4°C. Eyecups were embedded in tissue freezing medium (Leica Microsystems Nussloch 
GmbH, Nussloch, Germany) and frozen in a 2-methylbutane bath cooled by liquid 
nitrogen. Retinal sections (12 µm) were cut and blocked in 3% normal goat serum, 0.3% 
Triton X-100 in 0.1 M PBS (pH 7.4) for 1 hour at room temperature. Sections were then 
incubated in blocking solution at 4°C over night with one of the following primary 
antibodies: anti F4/80 (#T-2028 BMA biomedicals, Augst, Switzerland, 1:500) or anti 
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Iba1 (#019-19741 Wako, Richmond, USA, 1:1000). After 3 washes with PBS, slides were 
incubated with the appropriate secondary antibody coupled to Cy3 for 1 hour at room 
temperature, counterstained with DAPI and mounted with MOWIOL anti-fade medium 
(10% Mowiol 4-88 (w/v) (Calbiochem, San Diego, CA, USA), in 100 mM Tris, pH 8.5, 
25% glycerol (w/v) and 0.1% 1,4-diazabicyclo [2.2.2] octane (DABCO)). Signals on 
sections were analyzed with a digitalized Axiovision microscope (Carl Zeiss, Jena, 
Germany). 
 
Lasercapture microdissection and detection of gene expression 
Mice were sacrificed, eyes enucleated and immediately embedded in tissue freezing 
medium (Leica Microsystems Nussloch GmbH) and frozen in a 2-methylbutane bath 
cooled by liquid nitrogen. Retinal sections (20 µm) were fixed (5 min acetone), air dried 
(5 min), and dehydrated (30 sec 100% ethanol, 5 min xylene). Microdissection was 
performed using an Arcturus XT Lasercapture device (Molecular devices, Silicon Vally, 
USA). RNA was isolated using the Arcturus kit for RNA isolation (Molecular devices) 
according to the manufacturer’s directions including a DNase treatment to digest residual 
genomic DNA. Equal amounts of RNA were used for reverse transcription using 
oligo(dT) and M-MLV reverse transcriptase (Promega). Resulting cDNA was used for 
conventional PCR to detect layer-specific gene expression. Primers are given in Table 1. 
Conditions for conventional PCR included an initial denaturation step (95°C, 5 min) and 
40 cycles of denaturing (95°C, 45 sec), annealing (specific temperatures indicated in 
Table 1, 30 sec) and extension (72°C, 30 sec), followed by a final extension step (72°C, 
10 min). Amplified products were analyzed on a non-denaturing polyacrylamide gel. 
 
Western blotting 
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Retinas were homogenized by sonication in 100 mM Tris/HCl, pH 8.0, and analyzed for 
protein content using Bradford reagent. Standard SDS-PAGE (10%) and Western blotting 
of 40 µg of total retinal extracts were performed. For immunodetection, the following 
antibodies were used: anti-STAT3 (#9132 Cell Signaling Technology, Beverly, MA, 
USA, 1:1000), anti-STAT1 (#9171 Cell Signaling Technology, 1:1000), anti-STAT5 
(#sc835 Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:1000), anti-pSTAT3 (#9131 
Cell Signaling Technology, 1:500), anti-pSTAT1 (#9171, Cell Signaling Technology, 
1:1000), anti-pSTAT5 (#9359 Cell Signaling Technology, 1:1000) and anti-β-actin 
(#A5441 Sigma, St. Louis, MO, USA, 1:5000). Blots were incubated overnight at 4°C 
with primary antibodies followed by a one hour incubation at RT with HRP-conjugated 
secondary antibodies. Immunoreactivity was visualized using the Western Lightning 
Chemiluminescence reagent (Perkin-Elmer, Boston, MA, USA). 
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RESULTS 
Photoreceptor degeneration induces expression of Jak3 
Semi-quantitative real time PCR analysis of the expression of the four members of the 
Janus kinase family of proteins (Jak1, Jak2, Jak3 and Tyk2) showed that Jak3 is induced 
in all of the models for retinal degeneration (Fig. 1). Expression peaked at 24 hours after 
light exposure (Fig. 1A), at PND 14 in the rd1 mouse (Fig. 1B), at PND 49 in the rd10 
mouse (Fig. 1C) and at the last time point tested in the VPP mouse (Fig. 1D). In contrast, 
expression of the other kinases did not increase but even slightly decreased.  This was 
most obvious for Jak1 in the light damage model with reduced expression between 12 h 
and 3 days after light exposure and for Jak1, Jak2 and Tyk2 in the rd1 mouse, which 
displays the most severe degeneration phenotype. Expression of these genes in the rd1 
retina continuously decreased over the period analyzed. The consistent induction of Jak3 
expression in the retina of all models suggested that JAK3 might play an important role 
either in the degenerative process or in the retinal response to photoreceptor injury and 
thus in neuroprotection. 
 
Janus kinases are expressed in all nuclear layers of the retina 
To analyze the expression pattern of the Janus kinases in the retina, we isolated the outer 
nuclear layer (ONL), the inner nuclear layer (INL) and the ganglion cell layer (GCL) 
using lasercapture microdissection. Conventional endpoint PCR of cDNA generated from 
RNA isolated from each layer determined presence or absence of individual genes. 
Possible cross-contamination of layers was tested using layer-specific marker genes: 
Gnat1 (ONL), Chx10 (INL) and Opn4 (GCL). The amplification pattern of the marker 
genes showed that INL and GCL samples were pure and the ONL samples had a slight, 
but for our purpose negligible, INL contamination (Fig. 2). All members of the Janus 
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kinase family of proteins were expressed in all nuclear layers of the retina in dark 
conditions and at 24 hours after light exposure.  
 
Jak3 and LIF are similarly expressed in the stressed retina 
We and others showed that LIF is neuroprotective to the retina after light exposure and in 
the VPP mouse (Wenzel et al., 2001; Joly et al., 2008; Ueki et al., 2008; Burgi et al., 
2009). Interestingly, Lif was induced along with Jak3 in the degenerative retina of the rd1 
mouse (Fig. 3A), at 12 hours after light exposure (Fig. 3B), in the VPP mouse (Joly et al., 
2008; Ueki et al., 2008) and the rd10 retina (not shown) suggesting a regulatory 
connection between the two genes.  To test the basis of such a potential connection and of 
the induction of the two genes, we used two mouse models which are protected against 
light damage. 
The Rpe65R91W knockin mouse expresses a mutant form of the retinal pigment epithelium 
65 (RPE65) isomerohydrolase. RPE65 is expressed in the pigment epithelium and is 
essential for the isomerization of all-trans-retinal to 11-cis-retinol in the visual cycle 
(Lamb and Pugh, 2004; Jin et al., 2005; Moiseyev et al., 2005; Redmond et al., 2005). 
The R91W amino acid substitution reduces levels and activity of RPE65 leading to highly 
diminished amounts of 11-cis-retinal and thus of bleachable rhodopsin in photoreceptors 
(Samardzija et al., 2008). Since light damage depends on photon absorption by rhodopsin 
(Noell and Albrecht, 1971; Grimm et al., 2000b) and on the visual cycle (Wenzel et al., 
2001), Rpe65R91W mice are protected from light-induced degeneration (not shown). 
Another model for retinal protection is hypoxic preconditioning (Grimm et al., 2002). 
Preconditioning of wild type mice renders photoreceptors resistant against light damage 
even though levels of bleachable rhodopsin are normal and the visual cycle is functional. 
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Exposure of Rpe65R91W mice to high levels of white light did not induce Jak3 or Lif 
expression (Fig. 3C). This suggests that expression of these genes depends either on 
photon absorption by rhodopsin and/or on photoreceptor cell death. Exposure of mice 
preconditioned by hypoxia, however, led to an increased expression of both genes (Fig. 
3D). Taken together, these results demonstrate that a) induction of Lif and Jak3 
expression requires photon absorption by rhodopsin and b) does not depend on 
photoreceptor death. Thus, our data suggest that absorption of an excessive amount of 
photons induces a stress-related signaling system which is sufficient to upregulate Lif and 
Jak3 expression even in the absence of photoreceptor degeneration.  
 
LIF is essential and sufficient to induce Jak3 expression 
Importantly, light induced Jak3 up-regulation was absent in Lif -/- mice (Fig. 4A). We 
previously reported that lack of LIF prevented induction of Jak3 also in the VPP retina 
(Joly et al., 2008). This indicates that LIF is generally required to induce Jak3 during 
retinal degeneration. To test whether LIF is directly involved in the regulation of Jak3 
expression, we injected rLIF into the vitreous of wild type mice. Analysis of Jak3 mRNA 
levels at 24 h after injection showed that application of rLIF induced expression of Jak3 
approximately 15-fold (Fig. 4B). Thus, LIF is essential and sufficient to induce Jak3 
expression in the degenerating mouse retina. These results suggested that JAK3 might be 
part of the LIF-controlled neuroprotective response in the mouse retina. 
 
JAK3 is not essential to induce LIF-mediated neuroprotection 
We recently showed that photoreceptor degeneration induces expression of Lif in a subset 
of Muller glia cells by an unknown mechanism. We proposed that Muller-cell derived LIF 
induces endothelin 2 (Edn2) expression in photoreceptors. EDN2 in turn activates 
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expression of fibroblast growth factor 2 (Fgf2), which finally supports survival of 
damaged photoreceptors (Joly et al., 2008). To analyze whether JAK3 was part of this 
mechanism, we tested the regulation of the LIF-controlled signaling system in light-
exposed Jak3 +/+ and Jak3-/- mice (Fig. 5A). All genes tested were similarly induced in 
the presence or absence of JAK3. Furthermore, the phosphorylation pattern of STAT1, 
STAT3 and STAT5 after light exposure was similar in both types of mice. Total protein 
expression of these three STATs also remained at steady state levels in the two genotypes 
(Fig. 5B). 
Intravitreal injection of rLIF into eyes of Jak3+/- and Jak3-/- mice had comparable effects 
on the expression levels of genes involved in the LIF-controlled signaling pathway (Fig. 
5C). Taken together, our results show that LIF is essential and sufficient to induce Jak3 
expression (Fig. 4) but that JAK3 is not necessary for Lif expression and/or the regulation 
of the members of the LIF-controlled survival pathway (Fig. 5). This suggests that LIF 
induced by photoreceptor damage not only activates a survival pathway but also a second 
signaling system of unknown function involving JAK3. Alternatively, it might be possible 
that there is a redundancy among the members of the JAK family of proteins with another 
kinase substituting for the lack of JAK3 in the retina. Although this possibility cannot be 
excluded, it this seems rather unlikely because other JAK family members did not show 
an increased retinal expression in the absence of JAK3 (data not shown). 
  
JAK3 ablation does not influence retinal degeneration 
Even though JAK3 did not seem to be specifically involved in the LIF-mediated survival 
pathway, JAK3 might still be important for the regulation of photoreceptor cell fate after 
injury. Thus, we tested whether ablation of JAK3 would influence retinal degeneration. 
Retinal morphology of light-exposed Jak3+/+ and Jak3-/- littermates was comparable with 
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first pyknotic nuclei visible at 12 h after exposure, outer and inner segment disintegration 
at 24 h, reduced number of photoreceptor nuclei at 3 d and clearance of most debris from 
the subretinal space at 10 d after exposure (Fig. 6A). These observations were supported 
by the quantification of cell death at 24 h after exposure. The generation of free 
nucleosomes, as they are generated during apoptotic cell death, was not significantly 
different in Jak3+/+ and Jak3–/– mice (Fig. 6C).  
Lack of JAK3 did also not noticeably modify the course of degeneration in the VPP 
mouse. At 6 months of age, both VPP and VPP;Jak3–/– littermates had 4 to 5 rows of 
photoreceptor nuclei left in the ONL (Fig. 6B). Accordingly, there was no difference in 
the expression levels of rod and cone transducins (Gnat1 and Gnat2, respectively) in 6 
months old VPP and VPP;Jak3–/– littermates (Fig. 6D). These findings strongly suggest 
that JAK3 does not play an essential role in retinal degeneration. 
 
Lack of JAK3 does not influence macrophage infiltration or microglia activation in the 
retina 
Photoreceptor death during retinal degeneration activates resident microglia and attracts 
bone marrow-derived macrophages to the subretinal space (Joly et al., 2009a). These cells 
are thought to assist in the clearance of cellular debris from the space between ONL and 
RPE. Bone marrow progenitors from Jak3 knockout mice show a reduced response to 
chemotactic stimuli (Soldevila et al., 2004) and LIF was reported to influence 
macrophage recruitment (Sugiura et al., 2000; Kerr and Patterson, 2004; Linker et al., 
2008). Given the connection between LIF and JAK3 (see above), we tested whether 
invasion or activation of macrophages and microglia, respectively, might be impaired in 
the damaged retinas of Jak3-/- mice. We used anti-F4/80 antibodies to specifically detect 
macrophages (Fig. 7A) and anti-Iba1 antibodies to label activated microglia in addition to 
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macrophages (Fig. 7B) in retinas of Jak3+/+ and Jak3–/– mice at 5 days post exposure. 
Peak invasion of macrophages and activation of microglia occurs around 3 and 5 days 
after light exposure (Joly et al., 2009a). A similar number of macrophages was detected 
(Fig. 7A,B; arrowheads) in retinas of Jak3+/+ and Jak3–/– mice. Similarly, the distribution 
of activated microglia was not noticeably different in the light exposed Jak3+/+ and Jak3–
/– retinas (Fig. 7B, arrows). This suggests that JAK3 is not involved in the recruitment of 
bone marrow-derived macrophages or the activation of microglia in the retina and that 
stress dependent activation of Jak3 expression was not required for the clearance of 
photoreceptor debris from the subretinal space. 
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DISCUSSION 
Photoreceptor degeneration induces Lif expression which controls an endogenous survival 
pathway including JAK/STAT signaling (Samardzija et al., 2006b; Joly et al., 2008). 
Lack of LIF prevents activation of this signaling cascade and accelerates disease 
progression leading to a fast loss of photoreceptor cells (Joly et al., 2008). Here we 
analyzed the expression of the four members of the family of Janus kinases in four 
models for retinal degeneration. We show that Jak3 is induced in all of the models and 
that its expression is dependent on the presence of LIF.  
Our data link increased expression of Jak3 to retinal stress and, in the case of light-
induced photoreceptor degeneration, to excessive photon absorption by rhodopsin. Photon 
absorption by rhodopsin is the first step in a cascade leading to photoreceptor 
degeneration after light exposure (Grimm et al., 2000b). Hypoxic preconditioning protects 
photoreceptors from light damage even though photon absorption is normal. Since Jak3 
was induced after light exposure of hypoxia preconditioned mice, Jak3 activation might 
be an early event in the cascade and may not depend on photoreceptor death but rather on 
the stress induced by excessive absorption of photons. This conclusion is further 
supported by our finding that Jak3 was not induced in the Rpe65R91W mouse which has 
only 5% of normal rhodopsin levels and thus a much reduced photon catch capacity.  
Interestingly, Jak3 showed an expression pattern similar to Lif in induced and several 
inherited models of retinal degeneration (Fig. 3; (Joly et al., 2008) and data not shown). In 
a recent study, we showed that Lif is induced in a subset of Muller glia cells in response to 
photoreceptor injury and that LIF controls an endogenous survival pathway which 
includes increased expression of Edn2 and Fgf2. It has also been shown that LIF signaling 
through the JAK/STAT pathway is neuroprotective (Joly et al., 2008; Ueki et al., 2008). 
The similar expression pattern of Jak3 and Lif in susceptible and protected models of 
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retinal degeneration therefore suggested that JAK3 might also be involved in a 
neuroprotective pathway. This hypothesis was further strengthened by the observation 
that LIF was both essential and sufficient to induce expression of Jak3 (Fig. 4). Basic 
expression levels of Jak3, however, were similar in wild type and Lif–/– mice and thus 
independent of LIF (Fig. 4; (Joly et al., 2008)). This suggests that activation of Jak3 in the 
degenerating retina was highly specific and important for the general, LIF-mediated 
response of the retina to photoreceptor injury. However, LIF-mediated neuroprotective 
signaling was not affected in Jak3–/– retinas and rLIF was sufficient to induce the 
expression of Edn2 and Fgf2 in the absence of JAK3. Furthermore, absence of JAK3 did 
not influence induction or progression of photoreceptor degeneration. In summary, our 
results show that Jak3 expression depends on LIF but that JAK3 is not involved in the 
neuroprotective pathway controlled by the LIF cytokine. This result implies that LIF has 
multiple functions in the degenerative retina controlling a protective response and an as 
yet unidentified mechanism which involves JAK3. Alternatively, Jak3 upregulation might 
be needed for protection of cells different from photoreceptors. Injury of other retinal 
cells (e.g. ganglion cells) may induce the same LIF controlled signaling system but 
protection of these cells may require JAK3. In such a scenario, repression of JAK3 
signaling in a model of exclusive photoreceptor death would not lead to a detectable 
phenotype. 
It has been reported that Jak3 is mainly expressed in hematopoietic cells but also in 
vascular cells and other non-lymphoid and myeloid tissue (Verbsky et al., 1996). Through 
the involvement in common cytokine receptor g-chain (gc) signaling, Jak3 is important 
for both the innate and adaptive immune response (Ghoreschi et al., 2009). Jak3-/- mice 
were shown to have a blockade in B-cell development and abnormal T-cells. They also 
show symptoms similar to severe combined immune deficiency (SCID) (Thomis et al., 
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1995; Thomis and Berg, 1997). Due to the ocular immune privilege (Streilein, 2003; 
Taylor, 2009) and the blood retinal barrier, T- and B-cells or antibodies are normally not 
able to enter the retina and to activate immune responses or inflammation. Nevertheless, 
retinal degeneration induces immune-like responses in the retina including activation of 
resident microglia, infiltration of bone-marrow derived macrophages (Ng and Streilein, 
2001; Joly et al., 2009b) and the activation of several genes involved in innate and 
acquired immune systems (Rohrer et al., 2007). LIF has been shown to be important for 
immune-like responses in models of central or peripheral nervous system injury (Sugiura 
et al., 2000; Linker et al., 2008), for macrophage recruitment in a late phase of 
autoimmune encephalomyelinitis (Linker et al., 2008) and for the stimulation of 
macrophage and microglia proliferation (Kerr and Patterson, 2004). Even though LIF 
controls activation of Jak3 expression (Fig. 4), our data indicate that LIF influences those 
systems through other signaling pathways and that JAK3 is not required for macrophage 
infiltration, microglia activation (Fig. 7), or the induction of genes related to the innate 
immune response in the retina (not shown). Whether ocular immunity in the absence of 
JAK3 would be impaired in other models remains a target for further research. 
Immunological challenges upregulate Jak3 expression in blood monocytes but JAK3 
ablation has no influence on monocyte function (Villa et al., 1996). Thus, it was 
suggested that JAK3 function can be redundant in certain situations and that other 
proteins may substitute for JAK3 to some extent. To address this possibility in the mouse 
retina, we tested whether any of the other JAK family kinases would show higher 
expression levels in Jak3–/– mice to compensate for the absence of JAK3. However, 
expression of Jak1, Jak2 and Tyk2 remained at basic levels in Jak3–/– mice and was 
comparable to wild types (data not shown). Although this does not exclude the possibility 
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of a certain redundancy on the protein level, our data indicate that Jak3 does not play a 
unique role in LIF mediated photoreceptor neuroprotection.   
In summary, we show that the degenerating retina induced expression of Jak3. LIF was 
essential and sufficient for Jak3 induction, even in the absence of photoreceptor death. 
However, JAK3 was not essential for survival or death of injured photoreceptors and did 
not influence immune-related responses in the retina. We suggest that LIF not only 
activates a neuroprotective signaling pathway through Edn2 and Fgf2 but also induces an 
additional retinal stress response of unknown function which involves JAK3. 
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Table 1 
 
Gene Upstream Downstream Annealing 
temperature 
product 
Jak1 tgagctttgatcggatcctt gcagggtcccagaatagatatg 60°C 90bp 
Jak2 gaacctacagatacggagtgtcc caaaatcatgccgccact 60°C 96bp 
Jak3 cacagtgcatggcctatgat aggtgtggggtctgagagg 60°C 66bp 
Tyk2 cctgtgtcaccttgctctca ggaatgagggatgcagttct 60°C 85bp 
Gnat1 gaggatgctgagaaggatgc tgaatgttgagcgtggtcat 58°C 209bp 
Gnat2 gcatcagtgctgaggacaaa ctaggcactcttcgggtgag 58°C 192bp 
Chx10 ccagaagacaggatacaggtg ggctccatagagaccatact 60°C 111bp 
β-actin caacggctccggcatgtgc ctcttgctctgggcctcg 62°C 153bp 
Opn4 ccagcttcacaaccagtcct cagcctgatgtgcagatgtc 58°C 457bp 
Lif aatgccacctgtgccatacg caacttggtcttctctgtcccg 60°C 216bp 
Fgf2 tgtgtctatcaagggagtgtgtgc accaactggagtatttccgtgaccg 62°C 158bp 
Edn2 agacctcctccgaaagctg ctggctgtagctggcaaag 60°C 64bp 
Gfap ccaccaaactggctgatgtctac ttctctccaaatccacacgagc 62°C 240bp 
Stat3 tgcggagaagcattgtgagtg ttttccagacggtccaggcagatg 62°C 159bp 
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FIGURE LEGENDS 
Fig. 1. Photoreceptor degeneration induces expression of Jak3.  Expression of Jak1, Jak2, 
Jak3 and Tyk2 (as indicated) was detected by semi-quantitative real time PCR after light 
exposure (A), in the rd1 (B), the rd10 (C) and the VPP mouse (D). Values were 
normalized to b-actin and expressed relatively to their respective controls (B-D) and to 
the first timepoint (A-D), which was set to 1 for each gene. Shown are means ± SD of 3 
retinas per time point amplified in duplicates. DC: dark control. Im: immediately after 
light exposure. h: hours, d: days, mth: months.  
 
Fig. 2. Janus kinases are expressed in all nuclear layers of the retina. Outer nuclear layer 
(ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) were isolated by 
lasercapture microdissection. Gene expression was tested in the individual layers or in 
total retina (retina) by conventional reverse transcription PCR. Gnat1 served as marker 
for the ONL, Chx10 for the INL, and Opn4 for GCL. b-actin was used as positive control. 
All members of the family of Janus kinases were expressed in all cell layers in dark 
conditions (dark control) and at 24 hours (24h) after light exposure.  
 
Fig. 3. Jak3 and Lif are similarly expressed in the stressed retina. Gene expression of Lif 
and Jak3 was analyzed by semi-quantitative real-time PCR. A) Expression levels in 
retinas of 10 and 16-day-old rd1 mice. B) Expression levels in wild type retinas of dark 
controls (DC) and at 12 h after light exposure. C) Expression levels in Rpe65R91W retinas 
of dark controls (DC) and at 12 h after light exposure. D) Expression levels in retinas of 
hypoxia preconditioned wild type mice not exposed to light (DC) or at 12 h after light 
exposure. Shown are means ± SD of 3 retinas per condition, amplified in duplicates. 
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Values were normalized to β-actin and expressed relatively to the respective wild type 
control and to levels at 10 d (A) or to levels of dark controls (B – D), respectively, which 
were set to 1. 
 
Fig. 4. LIF is essential and sufficient to induce Jak3 expression. Gene expression of Jak3 
was analyzed by semi-quantitative real-time PCR. A) Comparison of Jak3 expression 
levels in Lif+/+ and Lif–/– retinas of dark controls (DC) and of mice at 12 h after light 
exposure. B) Jak3 expression levels in retinas of wild type (129S6) mice which were 
untreated (ctr), or at 24 h after intravitreal injection of PBS or rLIF, as indicated. Shown 
are means ± SD of 3 retinas per condition, amplified in duplicates. Values were 
normalized to b-actin and expressed relatively to dark control levels (A) or to levels in 
untreated controls (B). 
 
Fig. 5. JAK3 is not essential to induce LIF-mediated neuroprotection. Gene expression 
was analyzed by semi-quantitative real-time PCR and Western blotting. A) Expression 
levels of indicated genes in retinas of Jak3+/+ and Jak3–/– mice before (DC) and at 12 h 
after light exposure (+12 h). Shown are means ± SD of 3 retinas per condition, amplified 
in duplicates. Values were normalized to b-actin and expressed relatively to dark control 
levels for each gene and genotype. B) Levels of phosphorylated and of total STAT1, 
STAT3 and STAT5 proteins were tested in total retinal homogenates from Jak3+/+ and 
Jak3–/– mice without light exposure (dark controls, DC) or at 12 h (+12 h), 24 h (+ 24 h) 
and 3 d (3 d) after illumination. b-actin served as control for equal loading. C) Expression 
levels of indicated genes in retinas of Jak3+/– and Jak3–/– mice at 24 h after intravitreal 
injection of rLIF. Shown are means ± SD of 3 retinas per condition, amplified in 
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duplicates. Values were normalized to b-actin and expressed relatively to PBS-injection 
levels for each gene (set to 1, not shown). 
 
Fig. 6. JAK3 ablation does not influence retinal degeneration. A) Retinal morphology of 
Jak3+/+ and Jak3–/– mice was tested before (DC) and at different time points after light 
exposure as indicated. Shown are representative sections of the most affected regions of 3 
mice. B) Retinal morphology of VPP;Jak3+/+ and VPP;Jak3–/– mice at 6 months of age. 
Shown are representative sections of the most affected regions of 3 mice. OS: outer 
segments, IS: inner segments, ONL: outer nuclear layer, OPL: outer plexiform layer, INL: 
inner nuclear layer, IPL: inner plexiform layer. C) Quantification of apoptosis in retinas 
of Jak3+/+ and Jak3–/– retinas at 24 h after light exposure. Shown are mean values ± SD of 
3 retinas per genotype. Cell death in Jak3–/– was expressed relative to Jak3 +/+, which was 
set to 1. Ns: not significantly different (student’s t test). D) expression of Gnat1 (rod 
transducin) and Gnat2 (cone transducin), determined by semi-quantitative real time PCR 
in retinas of 6-month-old VPP;Jak3+/+ and VPP;Jak3–/– retinas as indicated. Shown are 
mean values ± SD of 3 retinas per genotype. Values were normalized to b-actin and 
expression levels in VPP;Jak3–/– were calculated relatively to levels in VPP;Jak3+/+, 
which were set to 1. 
 
Fig. 7. Lack of JAK3 does not influence macrophage infiltration or microglia activation 
in the retina. Immunostainings of macrophages (F4/80, red, A) and microglia (Iba1, red, 
B) in Jak3–/– and Jak3+/+ retinas of dark controls (DC) and at 5 days after light exposure 
(+5 d). Arrowheads point to macrophages, arrows to activated microglia. * marks 
artificially labeled blood vessels of the deep vascular plexus. DAPI (blue) was used to 
counterstain nuclei. Nomarski pictures (gray) give an impression of the different cell 
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layers. RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: inner nuclear 
layer; GCL: ganglion cell layer. 
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